Abstract: Taking the Permian Lucaogou Formation in the Malang sag, Santanghu Basin as an example, by using petrological methods such as high resolution core image scanning, conventional thin section, scanning electron microscope and energy spectrum analysis and geochemical tests such as trace elements and biomarker compounds, the petrologic features and sedimentary origin of the lamellar organic rich fine-grained rocks of lake facies were investigated, and its significance for shale oil and tight oil exploration was analyzed. The results of the study show that there are four types of laminae, siliciclastic enrichment laminae, carbonate enrichment laminae, tuffaceous enrichment laminae and organic matter enrichment laminae, which can form three kinds of layer combinations. Organic matter is laminar enrichment or dispersed in the carbonate laminae and tuff laminae. Stratification of ancient lake water was formed in the closed saline lake sedimentary systems with insufficient continental clast supply, and the activity of warm water at the lake bottom and the monsoon climate worked jointly to control enrichment of organic matter and formation of lacustrine lamina fine-grained rocks. This kind of fine-grained rocks have higher potential of hydrocarbon generation due to high abundance of organic matter, are rich in reservoir space due to the existence of micro-pores in carbonate laminae and micro-cracks between the laminae, and suitable for fracturing because of high brittle mineral content. They have favorable conditions for shale oil and tight oil accumulation, and are significant for exploration.
Concept and characteristics
Fine-grained rock refers to sedimentary rocks composed mainly of clay and silt less than 62 m in grain size [1] . They contain not only clay minerals, but also silt, carbonates, organic matter etc [2] . Laminae are the thinnest and the smallest unit of original sedimentary layers recognizable from sediments or sedimentary rocks. There are many types of laminae, such as lacustrine varves [3] , marine varves [4] etc. In recent years, more and more researchers found out that shale with alternating dark and light laminae had richer organic matter and thus higher hydrocarbon generation potential than shale with dispersed organic matter [5] , for example, the third member of the Palaeogene Shahejie Formation in Dongying sag in Bohai Bay Basin, northern China, the laminated and organicrich shale at the lower part of the member has better hydrocarbon-generation capacity than the central part of the member with scattered organic matter [6] . In addition, when meeting certain geological conditions, laminated mud shale can form oil shales with industrial value, for example, the Jurassic tasmanite comprising of marine algae in Alaska [7] and the Ordovician kukersite consisting almost entirely of telalginite derived from Gloeocapsomorpha in Estonia [7] . Other examples
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− 657 − include the dark lamellar oil shales made up of dead red algea in Qingbaikou system of the Neoproterozoic in Hebei Province (TOC: 21.41%−22.91%, oil content: 5.29%−10.57%) [8] , and Shehejie Formation oil shales with organic laminae of algae, clay, and carbonates in Dongying sag of Bohai Bay Basin (TOC: 2%−8%) [9] . The two oil shales in China share the following features: (1) They contain laminae of less than millimeter in thickness and of various types, including terrigenous clastics, crystal fragment, tuffaceous, and organic laminae; (2) Organic-rich laminae alternate with organic-lean laminae, and the two kinds of laminae differ greatly in TOC value, sometimes, as high as 10 to 30 times [10] ; and (3) Dark organic laminae give off strong yellow fluorescence under microscope, and are held in between mud, silt and carbonate laminae with weak fluorescence. In this study, we performed systematic petrology study on fine-grained rock samples from the Permian Luocaogou Formation in Malang sag of Santanghu Basin through high-resolution imaging scanning, thin section observation, cathode luminescence, SEM and energy spectrum analysis to reveal its genesis and significance to oil and gas exploration in shale or other tight rocks (Fig. 1 ).
Petrological characteristics of lacustrine lamellar fine-grained rock
Variable in lithofacies, complicated in mineral composition, and strong in heterogeity, lacustrine fine-grained rocks are generally formed in shallow lake or semi-deep lake -deep lake where water power is weak. Laminae are the basic units of fine-grained rocks and appear as silt, carbonate, organic ones depending on specific sedimentary environment and climate. Lacustrine fine-grained rocks usually consist of interbedded and cycled laminae of different minerals. Generally 0.01 mm and 0.50 mm thick, laminae are different in color, mineral composition, grain size, structure and genesis (Fig. 2) .
Basic laminae types
Analysis shows that there are four major types of laminae in the study area: siliciclastic, carbonate, tuffaceous and organic-rich ones. − 658 − Siliciclastic laminaes are usually organic-rich and dark but would light up with a gympsum plate inserted. Mostly 15 to 50 m thick, they contain mainly silty feldspar, quartz and some clay minerals, and small amount of ferrodolomite and pyrite (Fig. 3a) , in which clay minerals, mostly illite (80%), are continuous and directional in distribution; pyrite appearing in strawberry-shape in layered clay, is complete in crystal form, indicating strong reducing environment during its deposition.
Carbonate laminae are bright and stable even with gympsum plate inserted. Usually between 80 and 300 m thick, − 659 − they are composed of fine-grained microcrystalline calcite and dolomite (less than 30 m), some ferrodolomite (shown by the greenish blue by alizarin red combined with potassium ferricyanide) and small amount of organic matter (intercrystalline) (Fig. 3b) . Carbonate crystalline grains and shape are poorer, mostly subidiomorphichedral and partially coarsegrain, indicating the dolomite were formed in a low energy, quiet and warm setting. Usually in coarse grain, ferrodolomite can be seen replacing calcite and analcite.
Tuffaceous laminae are dark and 10 to 40 m thick, mostly made up of crystal pyroclast and vitroclastics of silty feldspar ( Fig. 3c) (Fig. 3d) . Most crystals are poorly rounded, but there was no volcano erupting around the deposition area, and the crystal tuffaceous laminae appear alternatively with other tuffaceous laminae, combining all these, it is inferred that they were formed by materials carried here by monsoon of different directions [11] , and the chemical deposits of carbonate in between the laminae might be deposits in still water and low energy environment during non-monsoon seasons. Organic laminae, also dark under microscope, and 6 to 35 m thick, contain mainly amorphous sapropelinites mostly with unrecognizable structure, with vitrinite cell-lumens filled with resinite seen under microscope; some organic matter shows distinct algous reticulate pattern with clear texture and light green-yellowish fluorescence, and is considered as excellent source rock material [12] (Fig. 3e, 3f ). The existence of organic laminae indicates an original sedimentary setting featured high biomass productivity, still water and lack of oxygen [13−15] .
Main assemblage types of fine-grained rocks with laminae
Above-mentioned different types of laminae can form different types of fine-grained rocks alone. Those consisting of only one particular kind of laminae are called unitary sediments, in which the laminae are still recognizable as the minerals within aligned directionally instead of even massive texture. Under fluorescence light, the sediments give off alternately dark (dark yellow) and bright (dark green) light. However, fine-grained sediments in the study area are mostly extremely thin lamina couplets (often millimeters in thickness) made up of dolomite lamina with other lamina. Sediments consisting of two or three kinds of laminae are referred to as binary or ternary lamina couplets, respectively. According to their different combinations, three types of lamina couplets have been identified in the study area (Fig. 4, Fig. 5 ). Type I couplets are zebra-striped binary laminae composed of two kinds of laminae (organic/silliciclastic laminae and carbonate laminae) or ternary laminae with organic laminae added. Type II couplets are also black and white binary combinations of tuffaceous plus carbonate laminae or ternary laminae with organic laminae added. Type III couplets are ternary layers of silliciclastic, carbonate and tuffaceous laminae or quaternary layers with organic laminae added. These fine-grained rocks comprising multiple layers of different laminae send off much stronger fluorescence when containing organic laminae.
Organic matter enrichment pattern
Organic matter enriches in the form of laminae, some occur in silliciclastic and tuffaceous laminae and a small amount in carbonate laminae. Dark laminae abundant in organic matter have TOC value as high as 8.7%, while light laminae dominated by carbonate have TOC as low as 0.03%.
Maceral analysis of samples from Lucaogou2 Member in the study area show the maceral includes vitrinite group, structureless vitrinite group, resintie and amorphous group (mineral bituminous matrix), among which amorphous group is the richest (30−60%). Both amorphous group and resinite give strong yellow-green fluorescence, indicating a low level of thermal maturity (low or critical level of maturity) of source rocks. The two groups are good source rocks and have mostly hydrogen-rich maceral, showing that the organic matter type in the study area is sapropelic-prone -organic sludge formed by hydroplankton in stagnant water environment (lagoons or lakes). Extensive algal limestone is found in southwestern part of Malong sag which mainly contains Collenia.
Sedimentogenesis of lacustrine lamellar fine-grained rocks
Mixed terrigenous clastic and carbonate sediments are widespread and complex in deposition mode around the world. Mount (1985) advanced for the first time the concept of mixed sediments [16] and defined it as a mixture of (>10%) terrigenous clastics with (> 25%) carbonate sediments and marl. A more generalized meaning of the term include two major types of sedimentogenesis: high-frequency interaction between carbonate sediments and terrigenous sediment input and mixing of carbonate fraction with terrigenous clastic fraction, and the latter is a narrowly defined mixed sediments [17] . The fine-grained rocks in the study area belong to the former, which is most commonly seen in mixed terrigenous sedimentary systems [18] . Paleontological, trace element and biomarker studies, can be used to reveal their original sedimentary environments.
Paleontological characteristics of lamellar fine-grained rocks
Previous paleontological study of the Lucaogou Formation in Santanghu Basin shows that [19] the formation contains abundant marine, transition phase, and continental fresh water lake fossils. However, considering the sea-land changes of the (Fig. 6 ).
Geochemical characteristics of lamellar fine-grained rocks
Trace element analysis: Whole rock ICP-MASS (inductively coupled plasma mass spectrometry) analysis shows that the laminae have V/(V+Ni) ratio higher than 0.78, showing strong stratification of water body and an anaerobic environment rich in H2S of bottom water; B/Ga and Mg/Ca ratios are high, reflecting high-salinity of the water body. Moreover, the content of Mn, V, Ba and Sr, and TOC are positively correlated, enrichment of these trace elements means high biomass productivity [14] , and biomass boom and sedimentation have a great impact upon the enrichment of trace element in the study area [15] .
Biomarkers: Isoprenoid provides important information of sedimentary settings of source rocks in the study area (Fig. 7) . Analysis shows that the lamellar fine-grained rocks have Pr/Ph, Pr/nC 17 29 sterane, it is inferred that organic matter in the formation could not be derived from dead higher plants but from algae, most probably blue-green algae [20] . High abundance of hopanes (pentacyclic terpane) and low richness of tricyclic terpane imply input of microorganism like bacteria during the sedimentation of the Formation. Meanwhile high content of -cerane indicates high salinity water body or brackish water. Moreover, the richness of -dancane in sample extracts from the Formation indicates a reducing-strong reducing environment, which is consistent with the low Pr/Ph ratio.
Distribution and sedimentation model of different laminae
Statistics of core observation results show that the lamina structure was controlled by curve and slope of lakeshore of original sedimentary settings (Fig. 8) . Shallow water body and its oxygenated environment fostered carbonate laminae (dolomite predominated). Deeper water body complicated situation and formed sedimentary couplets of various colors and shades of carbonate laminae (tuff and dolomite) with organic and siliciclastic laminae. The darker laminae with high organic matter content, often generated hydrocarbon with abundant -cerane. Deep water body gave rise to mainly organic and clay-size siliciclastic laminae. Volcanic dust carried by monsoon fell and deposited in the paleo-lake, forming couplets of tuffaceous laminae with other types of laminae.
Mechanisms of organic matter enrichment
Algae flourish is considered as the major cause of high TOC in lacustrine laminae worldwide. from the enrichment of organic matter in the Permian Lucaogou Formation of Malang sag is also related to algae flourish, the main evidence is:
(1) The organic matter mainly comes from algae. Microscope observation of organic laminae shows the organic laminae are amorphous, in the forms of irregular grains, clots or floccules. They are lamellar-and stripe-shaped under electron backscattered diffraction microscope. Biomarker analysis reveals that most amorphisms are formed by biodegradation of phytoplankton.
(2) Fine-grained calcite laminae in source rocks are bio-induced carbonate sediments. Algae boom in lakes enhanced photosynthesis of water body, exhausting carbon dioxide in surface water and causing precipitation of calcium carbonate [21] into carbonate laminae.
(3) Enriched and laminated organic matter combined with other types of laminae to form rhythmic sedimentary sequences. Algae flourish was a seasonal and periodical phenomenon, which might result in direct deposition of laminae. Meanwhile, large amount of chlorophyll produced by algae flourish caused a reduction of carbon dioxide and a rise of pH value of the salinized lake, which induced precipitation of carbonate minerals and formation of dolomite laminae, forming couplets with siliciclastic and carbonate laminae.
(4) Tuffaceous laminae provide nutrients for the massive reproduction of algae and bacteria, thus enhancing biomass productivity of paleo-lakes. Analysis of volcanic dust found in the Formation shows that it contains intermediate-basic plagioclase -a frame-shaped and Fe-/Mg-rich aluminosilicate mineral. During volcanic eruptions, the dust carried by wind dropped into the lake, triggering substantial boom of algae [22] .
Moreover, as the dust was fine-grained and had bigger specific area, it possessed strong adsorptivity and sucked in large amount of soluble organic grains, giving rise to tuffaceous laminae with certain amount of organic matter.
Sedimentogenesis of lacustrine lamellar fine-grained rocks
Sedimentary model of varve has been studied for more than a century in other countries [23] . In terms of genesis, previous work covers ice lake varves, lake varves, marine varves etc. Comparatively speaking, lake varves and lamellar shale are more common than varves of glacier genesis. A consensus view regarding the water body conditions for forming paleolake varves and lamellar shale is that climate factors including temperature and monsoon are the key elements, and biomass, − 663 − especially plankton flourish, chemical and biochemical reactions as well as mechanical precipitation, are the mechanisms, of the formation of sedimentary laminae [24] . Stratification of water body is thought to be most favorable for the forming of laminae [25] , as bottom water would suffer from severe anoxia, which causes death of benthos and prevents textures of sediments from disturbance. Stratified water body also contributes a great deal to the preservation of organic matter. Even laminae formed during short periods of stratified water body can have TOC value as high as 1.4% to 4.0% [26] . Based on the above discussion, it is concluded the lacustrine lamellar fine-grained rocks in the study area are controlled by the following factors:
(1) Closed salt lake sedimentary system: the deposition period of the Luocaogou Formation saw the largest-scale of lacustrine transgression of the Santanghu Basin in the Permian. Trace elements and biomarkers all indicate a high-salinity water body. No trace of terrigenous clastics supply is observed and the whole lake basin was relatively closed. The uplift under water is dolomite flat facies consisting of fresh water carbonate spars and dolosiltite.
(2) Stratified paleo-lake: the formation of laminae is closely linked to lake stratification. Lack of bentonic fossils, large numbers of well-preserved fossils of fish, abundant pyrite grains, inadequate supply of terrigenous clastics as well as high TOC and biomarker assemblages from geochemical analysis, all lead to the conclusion that the bottom water was anoxia and highly reducing during the formation of the laminae, and such bottom water was the result of stratification of lake in the corresponding periods.
(3) Hot water activities at the bottom of lake: hot water activities at bottom of lake affect the growing rate and preservation of organisms by changing markedly sedimentation conditions including water temperature, oxidation-reduction, and chemical composition. Silicaclastics and micrite/powder crystal ankerite possibly linked to bottom hot water activities, and hydrothermal minerals like analcite, anhydrite, pyrite and etc, are found in laminae in the study area, verifying the connection [27] .
(4) Monsoon: Feldspar pyroclast and vitroclastics are found scattering in the tuffaceous laminae from the study area. Considering the fact that there were no homochronous active volcanoes around the area, the volcanic dust must have gone through long-distance transportation. The periodical distribution of edged and poor-rounded feldspar grains among organic, siliciclastic and carbonate laminae indicates that the formation of the tuffaceous laminae is connected with monsoon. During non-monsoon seasons, the deposits in still water environment were mostly crystallite carbonate laminae.
In conclusion, gas and dusts from erupted volcanoes from afar were carried by monsoon and fell into the stratified water body of the closed salt lake (without terrigenous material supply) in the study area. The dust deposited in the lake and formed tuffaceous laminae, meanwhile, aluminosilicate absorbed in the surface of the dusts dissolved, providing large amounts of nutrients and trace elements for planktons and bacteria to reproduce. Combined with hot water at the bottom of the lake, the dissolved materials helped create a favorable environment for organisms to flourish. Small amount of suspending terrigenous solids sunk and formed siliciclastic laminae. Algae boom destroyed the ecology of the lake and caused massive death of organisms, their remains were preserved well by strong reducing environment in the lake. Meanwhile, plankton exhausting carbon dioxide in the water induced carbonate minerals like dolomite to precipitate. In the alkaline-prone water, sulfate reducing bacteria (SRB) reduced SO 4 2 into H 2 S, which then reacted with Fe 2+ to form pyrite.
The process made the SO 4 2 content in water drop considerably, leading to the formation of carbonate laminae of powder crystal dolomite. This is how the specific pattern of laminae developed in the Lucaogou Formation of Maglang sag.
4. Significance of lamellar fine-grained rocks to E&P of shale/tight oil and gas in the study area
High abundance of organic matter
The development of organic-rich laminae determines hydrocarbon generation capacity of the lamellar fined-grained rocks. Overall speaking, the lacustrine lamellar fine-grained rocks in the study area despite strong heterogeneity, are excellent source rocks which have a TOC ranging between 0.5% and 18.2%, mostly between 1% and 8%, hydrocarbon generation potential (S 1 +S 2 ) higher than 4 mg/g, and chloroform bitumen "A" of over 0.1%. In addition, the distribution of organic laminae has a positive correlation with hydrocarbon generation potential of the rocks.
Rich storage space
Because of their particular mineral composition and sedimentary structure, the lamellar fine-grained rocks often contain for a variety of storage space inside.
(1) Residual pores formed by hydrocarbon generation of organic matter. SEM (both SEI and EBSD) images of samples show organic matter residual pores are regular, pit-or honeycomb-shaped, and dozens to several hundreds of nanometers in size (Fig. 9a) . As residual pores formed after hydrocarbon generation, they are hydrocarbon-wet [28] and vary in size and number from sample to sample because of the heterogeneity of organic matter [29] .
(2) Micropores developed in carbonate laminae. Despite the fact that fine-grained rocks have porosity less than 12% in general, the test of samples from the study area show that carbonate laminae have an average porosity of 18.2% (Well Niu 122, sampling depth: 2 590 m), and pores with diameter bigger than 50 m and averaged at 1 m are observed in samples. Free from adsorption, hydrocarbon fluid moves fast in pore systems of carbonate laminae than in mudstone [30] . The pores in carbonate laminae preserved so well may be because of the acid matters (carbon dioxide, organic acid etc) released from nearby organic laminae during hydrocarbon generation, which entered the relatively closed vertical systems of carbonate laminae, reducing the pH value, thus avoiding the formation of carbonate cement in pores or dissolving the cement if it ever formed [31] (Fig. 9b) , and the fact that hydrocarbon generated within the carbonate laminae could not escape and had to stay inside, boosting up the pressure of the laminae. Siliciclastic/tuffaceous laminae have porosity of around 3.6%. (3) Inter-lamina seams. There are various types of inter-lamina seams in the rocks because: on the one hand, seams are easily created between laminae under tectonic stress and connected with high-angle fractures or pores as the laminae mostly consist of clay-sized minerals of different mechanical properties and are more than often comprising two types or three types of thin laminae of micrometer to millimeter thickness (Fig. 9c) ; on the other hand, protogenetic calcium carbonate in binary laminae (made up of two types of laminae) might react with Mg 2+ , CO 3 2 and organic acid and produced a mass of dolomite, during the process, the calcium carbonate shrank and created pores, thus providing space for hydrocarbon generated from above and below laminae.
Favorable mechanical properties
We know that rock brittleness has something to do with its mineral composition. The content of brittle minerals is one of the key factors affecting the development of fractures in rocks and therefore having indirect impact upon oil and gas storage and percolation routes [32] . Brittle minerals in siliciclastic and carbonate laminae, including quartz, calcite, dolomite and authigenic quartz formed during conversion of clay minerals (Fig. 9d) , can increase the brittleness of the lamellar finegrained rocks, making later fracturing easier.
In conclusion, lamellar fine-grained rocks have good hydrocarbon generation capacity as they were deposited in environments where algae and bacteria thrived and organic matter enriched. Lamellar fine-grained rocks containing micropores and fractures (formed and preserved by carbonate laminae due to their unstable minerals and weak inter-laminae LIU Bo et al. / Petroleum Exploration and Development, 2015, 42(5) : [656] [657] [658] [659] [660] [661] [662] [663] [664] [665] [666] − 665 − interfaces) may serve as effective reservoirs for oil and gas. Able to act both as source rock and reservoir, lamellar finegrained rocks are ideal self-generation and self-preserving reservoirs [33] .
Conclusions
Lacustrine lamellar fine-grained rocks have four types of laminae, siliciclastic, carbonate, tuffaceous and organic laminae, which combine with one another into three kinds of sedimentary couplets. Organic matter may enrich in lamina form or scatter in carbonate and tuffaceous laminae. Lacustrine lamellar fine-grained rocks belong to a more generalized meaning of mixed sediments. Biogenic fossils and biomarkers in samples from Malang sag show that the organic matter comes mostly from dead algae, carbonate sediments are of organism-inducement origin, and the periodic flourish of algae is the main reason of lamina couplets of various laminae. The closed salt lake environment fostered a stratified water body. Hot water movement at the bottom of the water interacted with monsoons, leading to the formation of alternative laminae of different types and preservation of organic matter. With high TOC, well-developed pores in carbonate laminae and seams between laminae, high content of brittle minerals like quartz, carbonate etc, organic-rich lamellar fine-grained rocks are the most promising targets for shale/tight oil and gas exploration.
